Quantitative protein bioanalysis in complex biological fluids presents considerable challenges in biological studies and disease diagnosis. The major obstacles are the background signals from both the probe and the biological fluids where the proteins reside. We have molecularly engineered light-switching excimer aptamer probes for rapid and sensitive detection of a biomarker protein, platelet-derived growth factor (PDGF). Labeled with one pyrene at each end, the aptamer switches its fluorescence emission from Ϸ400 nm (pyrene monomer) to 485 nm (pyrene excimer) upon PDGF binding. This fluorescence wavelength change from monomer to excimer emission is a result of aptamer conformation rearrangement induced by target binding. The excimer probe is able to effectively detect picomolar PDGF in homogeneous solutions. Because the excimer has a much longer fluorescence lifetime (Ϸ40 ns) than that of the background (Ϸ5 ns), time-resolved measurements were used to eliminate the biological background. We thus were able to detect PDGF in a cell sample quantitatively without any sample pretreatment. This molecular engineering strategy can be used to develop other aptamer probes for protein monitoring. Combined with lifetime-based measurements and molecular engineering, light-switching excimer aptamer probes hold great potential in protein analysis for biomedical studies.
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aptamer ͉ biomarker ͉ platelet-derived growth factor ͉ pyrene ͉ time-resolved fluorescence P roteins are ubiquitous and essential for life. Detection of proteins in their native environments has always been a critical and challenging task. In the proteomics era, numerous disease-marker proteins are expected to be discovered from various complex biological systems (1) (2) (3) . Methods for the analysis of proteins have become indispensable tools in new disease-marker discovery and their function studies. Ultimately, assays that allow rapid, simple, sensitive, selective, and costeffective detection of the proteins discovered are of significant importance for the understanding, diagnosis, treatment, and prevention of many diseases. Key factors, including a highly selective molecular recognition element and a novel signal transduction mechanism, have to be engineered together for successful assay development. Among many molecular recognition elements, synthetic nucleic acid ligands (aptamers) (4) (5) (6) have gained increasing attention in this area. Aptamers are single-stranded oligonucleotides selected to bind essentially any molecular targets with high selectivity and affinity through an in vitro selection process called SELEX (selective evolution of ligands by exponential enrichment) (4) (5) (6) . Besides their excellent binding affinity and selectivity, other characteristics endow aptamers with great potential for use in protein analysis (7, 8) . For instance, aptamers can be routinely prepared by chemical synthesis, which allows rapid preparation in large quantity and with excellent reproducibility. Nucleic acid synthetic chemistry also facilitates conjugation of these aptamer sequences to fluorescent dyes, radiolabels, or other biomolecules. Furthermore, aptamer sequences are more stable than proteins under a wide range of conditions and could be repeatedly used without losing their binding capabilities.
To report the binding of an aptamer to its target, a signal transduction mechanism has to be built into the aptamer sequences. Fluorescent techniques offer excellent choices for signal transduction because of their nondestructive and highly sensitive nature. Several fluorescence techniques such as fluorescence anisotropy (7, 8) and fluorescence resonance energy transfer (FRET) (9) , as well as fluorescence quenching (9) (10) (11) , have been used in aptamer assay development. All these signaltransduction techniques have their individual strengths. Nonetheless, they suffer from some limitations that could hamper their effectiveness in complex biological samples. For instance, although fluorescence anisotropy only requires singly labeling of one dye molecule on each aptamer sequence, it entails complicated instrumentation and data interpretation. FRET-or fluorescence-quenching-based probes quantify target concentrations with changes in fluorescence intensity, but these two methods are sensitive to the solution environment. More importantly, they are difficult to apply directly to analyzing proteins in their native environments because of the interference of intense background signal.
When monitoring a protein in its native environment, there are usually two significant background-signal sources. The first one is the probe itself. For example, when a quenching-based FRET molecular probe is used for protein studies, the probe always has some incomplete quenching, resulting in a significant probe background. Moreover, in a native biological environment, there are many potential sources for false positive signals of the molecular probe for protein analysis. The second source of background signal comes from the native fluorescence of the biological environment where the target protein resides. There are many molecular species in a biological environment, some of which will give a strong fluorescence background signal upon excitation. These problems deteriorate assay sensitivity, compromise probe selectivity, and thus hinder the analysis of proteins. Although there have been great efforts in solving these problems in bioanalysis (12) , effective solutions to both problems are limited.
We have molecularly engineered a light-switching excimer aptamer probe for protein monitoring in biological fluids using both steady-state and time-resolved fluorescence measurements. This strategy is a combined approach of wavelength switching and time-resolved measurement to solve the significant problems for protein monitoring in its native environment. Our approach is to label molecular aptamer with pyrene, similar to what has been reported in using pyrene for molecular beacons (13) . The aptamer sequence that binds with high affinity to the target protein platelet-derived growth factor (PDGF)-BB is labeled with pyrene molecules at both ends. The specific binding of aptamer to its target protein changes the aptamer probe conformation, bringing the two pyrene molecules into close proximity to form an excimer (excited state dimer), which results in a change of fluorescence wavelength from Ϸ400 nm for the pyrene monomer to 485 nm for the pyrene excimer. This emission wavelength switching solves the probe backgroundsignal problem that occurs with FRET molecular probes. However, this light-switching method alone cannot solve the problem of strong background signal from the multiple species in the biological environment. One special feature of the pyrene excimer is that it has a very long fluorescence lifetime (14) compared with other potential fluorescent species. The lifetime of the pyrene excimer can be 100 ns or longer, whereas that for most of the biological background species is Ͻ5 ns. With time-resolved fluorescence measurements, target binding induced excimer signal can be separated from biological background interference. Combining light-switching and timeresolved measurements, we are able to detect picomolar PDGF-BB in a few seconds. Direct detection and quantification of target molecules in complex biological samples such as a cultured cell dish can be carried out without any need of sample clean-up process.
Methods
Chemicals and Reagents. The sequences of oligonucleotides and aptamer probes prepared are listed in Table 1 . DNA synthesis reagents were purchased from Glen Research (Sterling, VA). Four aptamer sequences with different lengths (shown in Table  1) were synthesized: ES3, ES4, ES5, and ES6 (excimer probes with 3, 4, 5, and 6 bp in the stem, respectively). All of the aptamer sequences were labeled with pyrene at both ends. PS3 (pyrene monomer with 3 bp in the stem) was an aptamer sequence but only singly labeled with pyrene at the 5Ј terminus. ESCRBL was a 39-mer scramble oligonucleotide sequence with pyrene labeled at both ends.
Recombinant human PDGF-BB, PDGF-AB, and PDGF-AA were purchased from R & D Systems and dissolved in 4 mM HCl with 0.1% BSA and then diluted in a Tris buffer (pH 7.5) before use. Other recombinant human growth factors, including recombinant human EGF and insulin-like growth factor 1, were from Roche (Indianapolis, IN). Human BSA, human hemoglobin, horse myoglobin, chicken lysozyme, human ␣-thrombin (THR), and other chemicals were from Sigma. A solution of 0.1 M triethylamine acetate (pH 6.5) was used as HPLC buffer A, and HPLC-grade acetonitrile (Fisher) was used as HPLC buffer B. Tris⅐HCl buffer (20 mM Tris⅐HCl͞20 mM NaCl, pH 7.5) was used for all buffer-solution-based aptamer-binding experiments. Except for the cell media, ultrapure water was used to prepare all of the solutions. The cell media, DMEM (Mediatech, Herndon, VA) supplemented with 10% fetal bovine serum (Invitrogen), was used for the detection of PDGF in the real samples.
Instruments. An ABI3400 DNA͞RNA synthesizer (Applied Biosystems) was used for DNA synthesis. Probe purification was performed with a ProStar HPLC (Varian) where a C18 column (Econosil, 5U, 250 ϫ 4.6 mm) from Alltech Associates was used. UV-Vis measurements were performed with a Cary Bio-300 UV spectrometer (Varian) for probe quantitation. Steady-state fluorescence measurements were performed on a Fluorolog-Tau-3 spectrofluorometer (Jobin Yvon, Edison, NJ). For emission spectra, 349 nm was used for excitation. Time-resolved measurements were made with a single photon-counting instrument (OB900, Edinburgh Analytical Instruments, Livingston, U.K.), where a nitrogen flash lamp was used as the excitation source ( ϭ 337 nm).
Synthesis and Purification.
A solid-phase synthesis method was used to couple pyrene to aptamer sequences at both 3Ј and 5Ј ends. The synthesis started with a 3Ј-amino-modifier C7 controlled pore glass (CPG) column at 1-mol scale. After the synthesis of the aptamer sequence, a 5Ј-amine was added to the sequence by using 5Ј-amino-modifier-C6 linker phosphoramidite. The column then was flushed slowly with 15 ml of dimethylformamide (DMF), 15 ml of 20% piperidine in DMF, 15 ml of 3% trichloroacetic acid in dichloromethane, and then another 15 ml of DMF. The CPG contained within the column was released into 1 ml of DMF solution containing 57.7 mg (200 mol) of pyrene butyric acid, 41.3 mg (200 mol) of dicyclocarbodiimide, and 24.4 g (200 mol) of dimethylaminopyridine. After stirring for 3 h, the solution was centrifuged, and the supernatant was discarded. The pellet was washed three times with DMF, methanol, and water, respectively, before incubated in a 50% solution of methylamine in ammonia at 65°C for Ϸ10 min. The resulting clear and colorless supernatant was collected. Under UV radiation, an intense green fluorescence was observed from the collected solution. The aptamer solution was desalted with a Sephadex G-25 column (NAP-5, Amersham Pharmacia) and dried in a SpeedVac. The dried product was purified by HPLC using a C18 column with a linear elution gradient with buffer B changing from 25% to 75% in 25 min at a flow rate of 1 ml͞min. The second peak in chromatography that absorbed at 260 and 350 nm, and emitted at 400 nm with 350-nm excitation, was collected as the product. The collected product then was vacuum-dried, desalted with a G-25 column, and stored at Ϫ20°C for future use.
Results

Design and Synthesis of Light-Switching Excimer Aptamer Probe.
Some spatially sensitive fluorescent dyes, such as pyrene (13) (14) (15) (16) and BODIPY Fl (17, 18) , can form excimers upon close encounter of an excited-state molecule with another ground-state molecule. The excimer emits at a longer wavelength than a monomer does. The formation of excimer between two pyrene molecules that are connected by a flexible covalent chain is useful to probe spatial arrangement of some molecules. Similar to FRET, the stringent distance-dependent property of excimer formation can be used as a unique signal transduction in the development of molecular probes. This technique is especially useful for developing aptamer probes because a variety of aptamers, like those for PDGF-BB (7, 10, 19), cocaine (20), THR (21, 22) , and HIV1 Tat protein (23), undergo similar conformational changes upon target binding. As a proof of principle, the excimer signaling approach was used to develop a probe for PDGF-BB. Identified by Green et. al (19) , the PDGF-BB aptamer is a DNA sequence with an open secondary structure in the absence of protein (Fig. 1) . When the aptamer binds to PDGF-BB, it changes to a close conformation where the 3Ј and 5Ј ends hybridize and form a stem. Based on this change, an excimer switching aptamer probe has been developed by labeling both ends with dyes that can form excimers. When the dual-pyrene-labeled aptamer probe is free in solution without the target protein, both pyrene molecules are spatially separated, and only the monomer emission peaks (at 375 and 398 nm) are observed. The binding of the aptamer probe to the target protein brings the pyrene molecules at 3Ј and 5Ј ends together, allowing the formation of an excimer. Thus, the emission peak at Ϸ485 nm appears. The change in emission color serves as a rapid way for qualitative analysis, and the excimer fluorescence intensity can be used for highly sensitive real-time quantitation of PDGF in homogeneous solutions.
For labeling oligonucleotide with pyrene, several methods were reported (13, 24) . Unfortunately, for dually labeling pyrene on both nucleic acid termini, the reported procedures proceeded in low yields partially because of incompatible solubility of the pyrene derivatives and nucleic acids. A solid-phase coupling method was used to allow multilabeling of the organic dyes to the DNA sequences. Coupling yields as high as 80% were achieved for all probes synthesized. MALDI-TOF MS results confirmed successful preparation of probes.
Light-Switching Aptamer Probe for Real-Time Rapid PDGF-BB Detection. A light-switching aptamer probe ES3 (sequence shown in Table 1 ) was prepared by labeling a 33-nucleotide sequence, specifically selected because of its high affinity to PDGF-BB (19) , with pyrene molecules at both 3Ј and 5Ј ends. This aptamer sequence was obtained through the SELEX process and was reported to have Ϸ700-fold higher affinity for PDGF when compared with other random DNA sequences (19) . Fig. 2a shows the fluorescence emission spectra from solutions of 100 nM ES3 with different concentrations of PDGF-BB proteins. With no target present, monomer emission peaks were observed, and there was no observable excimer emission. Without the target protein, this aptamer sequence assumed an open conformation, spatially separating both pyrene molecules at the 3Ј and 5Ј ends. Upon addition of PDGF-BB into the ES3 solution, an aptamer-protein complex was formed, causing the 3Ј end sequence to hybridize with the 5Ј end sequence to form a stable stem. This stem brought both pyrene molecules together, resulting in an intense excimer emission at 485 nm (Fig. 2a) . With increasing amounts of target protein in the solution, the excimer intensity increased proportionally.
Two control DNA sequences, PS3 and ESCRBL, were prepared to confirm that the observed excimer emission was a result of the aptamer-protein binding. The first sequence, PS3, was a PDGF aptamer sequence labeled with only one pyrene at the 5Ј end. Addition of PDGF into the PS3 solution did not change the emission spectrum of the solution, indicating that two pyrene molecules in close proximity are necessary for the excimer emission and that PDGF-BB itself has no measurable effect on the optical properties of pyrene molecules. The second sequence, ESCRBL, was a random DNA sequence with its 3Ј and 5Ј ends labeled with pyrene. Because this sequence has no affinity to PDGF, the addition of PDGF should not induce any excimer formation. This experiment was to prove that the excimer emission resulted from aptamer-protein binding. As expected, this dually pyrene-labeled scramble sequence did not give any excimer emission after the addition of PDGF. These two control results confirm that the excimer emission shown in Fig.  2a was because of the aptamer conformation change upon specific binding to PDGF-BB.
Data shown in Fig. 2a reveal one important advantage of the light-switching excimer signaling approach: detection without separation. Because only target-bound probe gives excimer emission, the unbound probe does not have to be separated from the solution for target detection. This detection-withoutseparation method eliminates tedious washing and separating procedures and allows real-time detection (25) . Another advantage of this probe is that it enables ratiometric measurement. As shown in Fig. 2a , protein-bound probe gives three emission peaks, two monomer peaks at 375 and 398 nm, respectively, and an excimer peak at 485 nm. By taking intensity ratio of the Fig. 1 . Use of the pyrene excimer to probe PDGF. PDGF aptamer (red) is end-labeled with pyrene molecules (blue) that are separated from each other because of the open structure of the aptamer. The pyrene molecule has monomer emission peaks at Ϸ378 and 398 nm. After binding to PDGF (purple), the aptamer adapts a close conformation, bringing two pyrene molecules close to each other. Consequently, pyrene excimer (green) forms and green light (Ϸ485 nm) is emitted after photoexcitation. excimer peak to either one of the monomer peaks, one could effectively eliminate signal fluctuation and minimize the impact of environmental quenching on the accuracy of the measurement. Real-time response of excimer͞monomer ratio is shown in Fig. 2b . It revealed that the binding of the aptamer to PDGF-BB took place within seconds. This result suggests that the PDGF aptamer probe could be used for the rapid monitoring of PDGF in vivo.
The light-switching signal transduction approach affords high sensitivity. As shown in Fig. 2c , the excimer͞monomer emission ratio of the probe responded to different concentrations of PDGF-BB proportionally. A linear response was observed with PDGF-BB concentrations ranging from 0 to 40 nM. Based on 3 times standard deviation of 6 measurements of blank samples, the limit of detection for PDGF-BB was in a picomolar range. Such a high sensitivity, together with the emission wavelength switching, fast measurements and detection without separation properties, enabled visual detection of 4 pmol of PDGF (Fig. 3) . A clear green color was observed by the naked eye when 4 pmol of PDGF was added to a 100 l excimer probe solution.
Optimization of Aptamer Length. The original sequence of PDGF-BB aptamer identified is a 39-mer sequence (19) . When it binds to PDGF-BB, this aptamer forms a three-way helix junction with a three-nucleotide loop at the branch point, where the 3Ј and 5Ј ends of the aptamer form a 6-mer stem. Theoretical calculations (26) indicated that a significant fraction of the 39-mer aptamer sequence was in a close conformation even without the presence of the target protein (see Figs. 6-8, which are published as supporting information on the PNAS web site). An excimer probe with this sequence would generate excimer emission in the absence of target from this fraction of the aptamer. Because the stem sequence is not important for the high-affinity binding to PDGF-BB (19) , to reduce the background emission, the stem was shortened gradually to identify an aptamer sequence that was in fully opened conformation in the absence of target while reserving a good binding affinity. Four aptamer sequences, ES6, ES5, ES4, and ES3, were prepared, all of which were dually labeled with pyrene at both ends of each sequence. ES6 had a full length of the reported sequence, while ES5, ES4, and ES3 had 1, 2, and 3 bases removed from both ends of the reported 39-mer sequence, respectively. Such a stem modification did not affect the binding of the aptamer to protein. For all four probes, comparable excimer emission intensity was recorded for each probe at the same concentration of PDGF-BB. Conversely, shortening the stem greatly improved signal-to-noise ratio of the aptamer probe by substantially reducing background signal from free probe (see Fig. 9 , which is published as supporting information on the PNAS web site). For the ES6 probe without target, a significant excimer emission was observed. This result indicates that a large fraction of this sequence was in closed conformation, as indicated from the secondary structure prediction. Addition of PDGF-BB resulted in a further increase of the excimer emission that was because of the ''closing'' of the other fraction of the openstructure aptamer due to protein binding. However, the maximum signal change was Ͻ3-fold for this probe because of the high excimer emission intensity from the probe itself. By removing one base from both ends of ES6, the excimer emission intensity from probe ES5 was significantly reduced. Negligible excimer emissions were observed for ES4 and ES3. As a result, the aptamer probes with 3-mer stem (ES3) and 4-mer stem (ES4) were found to have the highest signal enhancement (Ϸ40-fold) upon addition of the target protein.
Selectivity of the Probe. To detect PDGF in test samples, the probe has to selectively respond only to PDGF, free from interferences from other biological components. The probe's selectivity was challenged when excess extracellular proteins such as albumin, lysozyme, hemoglobin, myoglobin, and THR were used for a testing. Even at 10 times the PDGF concentration, these proteins did not cause significant signal change (Fig. 4) . Further, we tested the selectivity of the excimer probe for proteins and peptides potentially coexisting with PDGF. The results clearly showed that this probe was highly selective for PDGF-BB. It did not respond to the EGF, VEGF, or insulin-like growth factor 1. PDGF-AA and -AB, both of which have shown low binding affinity to the aptamer sequence (19) , induced lower signal response. Such an enhanced selectivity comes from both the intrinsic high selectivity of the aptamer sequence and the stringent spatial requirement for the emission from the excimer formation. Partial or weak binding by other species in FRETbased probes will result in substantial signal change, whereas the light-switching probe will have little response for those binding events because the two pyrene molecules have to be in very close proximity to each other. This feature is an additional advantage for the light-switching aptamer excimer probe.
Direct Quantitative Detection of PDGF in Cell Media. Results from studies in relative simple and pure buffer systems demonstrate that the excimer aptamer probe has excellent selectivity and high sensitivity. To be more useful in bioassays, this probe should be able to tolerate any interference from biological samples. A dyed cell medium mixed with FBS was used to investigate the feasibility of using this probe in biological samples. Fig. 5a shows the spectra of the probe in a Tris⅐HCl buffer solution and in cell media. In the buffer, the probe functioned well, and a strong excimer emission was observed when the target protein was added. Unfortunately, intense background fluores- cence, contributing from some indigenous species in the cell media such as proteins, riboflavin, nicotinamide, pyridoxine, tryptophan, and tyrosine as well as phenol red, also was observed. This intense background fluorescence buried the signal response from the probe and made the probe signal indistinguishable from the indigenous background fluorescence. This result indicates that steady-state fluorescence measurement is implausible for direct detection of PDGF in such a complex biological sample. It was also unclear whether this synthetic aptamer sequence retained its binding affinity and selectivity for PDGF-BB in the cell media.
Most of the background fluorescence has a lifetime of Ͻ5 ns. By contrast, the monomer and excimer emission of pyrene have much longer lifetimes (up to 100 ns). Such a big difference allows one to temporally separate the probe fluorescence signal from the intense background signal using time-resolved fluorescence spectroscopy. With a short excitation pulse of Ϸ1 ns, all chromophores in the solution that absorb at this excitation wavelength, including pyrene and the fluorogenic molecules of the cell media, are excited. By employing a time-resolved detection technique, the decay of the fluorescence signal at different wavelengths can be recorded within a relevant time window (e.g., in the window from 40 to 60 ns). Because background signal is expected to have decayed within the first few nanoseconds after the pulsed excitation, the remaining fluorescence after 20 ns should correspond to the long-lived pyrene fluorescence. As a time-resolved detection technique, time-correlated singlephoton counting was used, because it is one of the most sensitive methods (16) .
Time-correlated single-photon counting measurement of pure probe and probe with protein solutions suggested that lifetimes of both pyrene monomer and excimer in the cell media were Ϸ40 ns. This lifetime is one magnitude longer than the lifetimes of most organic fluorophores and fluorescent components in cell media and cells, which further confirmed the possibility of temporal resolution of the excimer signal from intense background fluorescence. Time-resolved emission spectra of 200 nM ES3 in cell media with 50 nM PDGF-BB (Fig. 5b) revealed the change of the emission spectra on a nanosecond scale and demonstrated a clear temporal separation of the signal from background noise. Taken over the first 20-ns decay, the emission spectrum resembled the steady-state emission spectrum of the same sample, where excimer peak was masked by severe background fluorescence from endogenous fluorescence species and scattered light. Because of their short fluorescence lifetimes, the fluorescence and scattered light from the cell media decayed rapidly to 0.1% of its original signal 40 ns after the excitation pulse (see Fig. 10 , which is published as supporting information on the PNAS web site). By contrast, the excimer emission decayed slowly, retaining reasonably high emission intensity even after 40 ns of decay, which allows probe signal to be well separated from the background signal. As a result, the fluorescence emission spectrum taken at 40 ns after excitation looked similar to the emission spectra of protein-bound probe in buffer. The temporal separation of intense background from probe signal is evident by comparing the time-resolved fluorescence emission spectrum (40-60 ns) in Fig. 5b with the steady-state fluorescence emission spectrum of the same sample in Fig. 5a . For steady-state measurement, no resolved peak at Ϸ485 nm could be seen when PDGF was added to ES3 solution in cell media because of the significant amount of background signal. However, in the time-resolved emission spectrum, which was recorded 40 ns after excitation, the long lifetime emission peak at 480 nm was well resolved. This 480-nm peak corresponded to excimer emission from protein-bound probe, which was supported by two observations: (i) its intensity varied with changes of protein concentrations; and (ii) no such peak was observed in the time-resolved spectra of either cell media or a cell-media solution containing PDGF and a single-pyrene-labeled aptamer sequence PS3. Thus, this characteristic emission peak could be immediately used to examine the presence of PDGF in biological samples.
With time-resolved measurement, not only can this probe qualitatively detect target protein in cell media, but it also allows quantitative analysis in situ. When the concentration of PDGF-BB increased, the fluorescence intensity of the excimer peak in time-resolved emission spectrum increased accordingly. Fig. 5c shows the decays of aptamer probe ES3 in the cell media with various concentrations of protein PDGF-BB at 480-nm emission. Fluorescence intensity from the response of each solution could be calculated by integrating photons emitted over an optimized time window, where the background signal decays to a minimum while the excimer signal is still high, to obtain an optimal signal-to-noise ratio for accurate analysis. The highest signal-to-noise ratio at 480 nm was observed from 40 to Ϸ100 ns after the excitation. Thus, photons emitted between 40 and 100 ns were counted and integrated for each concentration to construct a calibration curve. The resulting fluorescence intensities were proportional to the PDGF-BB concentrations (Fig.  5d) . This linear response of fluorescence intensity to PDGF in the cell samples demonstrated the feasibility of direct quantification of target proteins in cell media without any separation or purification. We further used the aptamer probes to determine PDGF secreted from PC3 cells. These cells are prostate cancer cells reported to secrete PDGF in the cell media. PDGF levels were measured from samples that were cultured to confluence and spiked with recombinant human TNF-␣ to induce PDGF production. TNF-␣ has the ability to activate different signal transduction pathways that lead to an increase in the growth factor concentration in cells. It was hypothesized that the addition of TNF-␣ to PC3 cells in culture would increase the levels of PDGF in the conditioned media. Three sets of samples were collected, and their PDGF levels were determined. The cellular sample PDGF levels also were compared with standard ELISA tests for PDGF in cancer samples. Our results demonstrated that the probes and the time-resolved measurements could be used effectively for cancer cell samples.
Discussion
With their unique properties, aptamers are finding increasing applications in therapeutic practices, disease diagnosis, and protein functional studies. These binding elements, once integrated with a novel signal transduction mechanism, can be used as sensitive and selective probes for protein detection. We have demonstrated that the light-switching excimer approach is an excellent signal transduction for aptamer probe development. The generation of the excimer emission requires the conformation change of the aptamer brought about by complexation with a target to bring two pyrene molecules together. This signaling approach has its wide applicability for several reasons. First, there are many aptamers besides PDGF aptamer that undergo conformation changes with target binding event, for example, human THR (21, 22) , cocaine (20) , and HIV1 TAT protein (23) aptamers. This conformational change can be immediately exploited for the excimer light-switching probe design. For instance, we demonstrated the same properties with a THR aptamer labeled with two pyrene molecules. The probe gave excimer emission that was proportional to different concentrations of THR (see Fig. 11 , which is published as supporting information on the PNAS web site). Second, even for an aptamer that does not have an obvious target-induced structure change, it can be designed to change its secondary structure as desired upon target binding with rational structure engineering (11, 23, 27, 28) . This strategy has been well demonstrated by Bayer and Smolke (28) who used the aptamer͞target-binding event to switch the aptamer structure to convert it to a gene-expression regulator. A simple yet general approach of engineering any aptamer into structure-switching aptamer for real-time signaling applications has also been reported (11, 27) . Finally, with a combination of the fast turnaround of automatic SELEX techniques (29) and novel selection approaches (30, 31) , virtually any protein target can have at least one conformation-changing aptamer sequence. Thus, numerous excimer-signaling probes may be created quickly for proteomics with a similar approach reported here.
Besides its universal applicability, the excimer light-switching approach offers higher selectivity and excellent sensitivity. A bis-pyrene probe has been recently used for signaling ATP based on ratio changes of the monomer͞excimer fluorescence, which is sensitive to its environment (32) . However, this probe shows a lower sensitivity (Ͻ3.5-fold of signal change at 3 mM target concentration), a narrower dynamic range (0.5-3 mM ATP), and a lack of selectivity (nonspecific binding will cause false positive͞ negative signal). By contrast, the signal approach reported here requires target-induced structure switching to form excimer, which prevents false signals caused by nucleases degradation or nonspecific binding. Another advantage of using our approach is that it allows ratiometric measurement, which could minimize the environmental effect to afford more precise detection. More importantly, the excimer light-switching approach solves the background problem from both probe itself and the biological environment. With the time-resolved single photon counting technique, this probe is able to detect PDGF-BB in a cell media qualitatively and quantitatively without any need of sample pretreatment. This excimer signaling approach has potential for the development of highly sensitive aptamer probes for clinical, forensic, and environmental applications. The detectionwithout-separation, high sensitivity, and excellent selectivity of this approach will enable useful applications to construct aptamer probes for protein function studies in an intracellular or intercellular environment.
Note. Just after the submission of this work, a pyrene excimer probe for potassium ion was reported (33) , which further proves the wide applicability the excimer signaling approach. Such an inorganic ion probe, with the time-resolved fluorescence measurement method described here, should find useful applications for monitoring potassium ion in complex biological environments.
